An overview is given of the biological origin of phycotoxins, as well as their chemical characteristics. Major poisoning types are described and examples of poisoning events are given to illustrate the importance of the phenomenon to both shellfish consumers and the shellfish producing industry. The characteristics of phycotoxins as natural products, the lack of predictability of their occurrence, economic drivers and the freshness of shellfish consumed in many countries result in a number of requirements for methods to be used in the efficient detection of these compounds. Subsequently, the performance of mouse bioassays and mass spectrometry as detection tools are compared for examples from Irish and French monitoring programmes to assess the usefulness of qualitative and quantitative tools in official control, and their fitness for purpose compared with the requirements. The final part of the paper critically reviews methods available for the end-product and official control of shellfish toxins and their use in screening and confirmatory approaches in monitoring. Recent expert consultations on the methodology for phycotoxins at European and global level are summarised and recommendations are made for future progress in this area.
Introduction
Shellfish toxins are produced by micro-algae which are consumed by bivalve molluscs as part of their natural diet. Thus, toxins are accumulated actively by shellfish, and concentrated in the hepatopancreas of bivalves. Although for many toxins the producing algae are now known (Table 1) , the causative relationship has not always been clear and often required many years of intense study. Examples of such studies are the confirmation of Protoceratium reticulatum as a causative organism of Yessotoxin (YTX) 1 , or the discovery of Azadinium spinosum as a producer of Azaspiracid (AZA) 2, 3 . As marine biotoxins are naturally produced compounds, many enzymatic systems in nature are capable of metabolising them. This characteristic puts them in contrast to man-made compounds such as polychlorinated biphenyls (PCBs) and pesticides many of which are very stable compounds for which nature has no metabolic processes foreseen. Similar to PCBs, dioxins or polycyclic hydrocarbons, most groups of marine toxins have also many analogues. Thus, between naturally produced analogues and metabolites of these, marine biotoxins constitute a vast array of bioactive chemicals. From a natural products or biosynthesis point of view, phycotoxins belong to several classes including amino acids (domoic acid), alkaloids (saxitoxin and tetrodotoxin) and polyketides (all others). Their molecular weight typically ranges between 300 to 1500 Dalton; therefore, algal toxins are often referred to as small molecules. Nevertheless, some compound groups such as palytoxins (PlTXs) and maitotoxins (MTXs) are very sizeable molecules of 2678 and 3422 Dalton, respectively. MTX has been reported as the largest non-proteinaceous natural toxin. The chemical nature and molecular size classification distinguish phycotoxins from the very large group of venoms from snakes, spiders or cone snails which are typically very potent mixtures of proteinaceous toxins. Table 2 gives an overview of some chemical characteristics.
In the early stages of investigating shellfish poisoning events, it was not clear whether illness was caused by chemical or microbiological agents 4, 5 . Due to this lack of knowledge on the causative agents, early classifications of shellfish poisons were based on the symptoms experienced by humans following consumption of contaminated shellfish. Four categories are distinguished: Paralytic shellfish poisoning (caused by saxitoxins = STX), Neurotoxic shellfish poisoning (caused by brevetoxins = PbTX), Diarrheic shellfish poisoning (caused by okadaic acid = OA) and Amnesic shellfish poisoning (= ASP, caused by domoic acid = DA). Recently, azaspiracid shellfish poisoning was discovered as a fifth category of shellfish poisoning 6, 7 , the symptoms resemble those of diarrheic shellfish poisoning. Ciguatera and tetrodotoxin poisoning are other types of diseases associated with seafood but these illnesses mostly arise from the consumption of fish, and are not further discussed in this context. The exposure route for shellfish poisoning is through the consumption of shellfish. However, other routes of exposure such as through skin contact and inhalation have been observed for specific algal toxins, these include mainly brevetoxins and possibly palytoxins. The main interest in this paper is on the exposure through consumption of molluscan bivalve shellfish. From a medical point of view, it is now clear that the symptoms of these poisoning syndromes can be easily distinguished from microbiological poisoning by bacteria or viruses through the earlier onset: most bacterial or viral infections require incubation periods of 12 to 24 h before sickness is experienced by shellfish consumers, while illness from shellfish toxins typically occurs as early as 30 min after consumption (in case of STX or TTX) or 2 to 4 h (for most of the other compound groups). Paralytic shellfish poisoning (PSP) has been reported worldwide 8 . Mild symptoms include altered perception (burning or tingling sensation and numbness of the lips, that can spread to the face and neck), headache, dizziness and nausea. More severe symptoms include incoherent speech, a progression of altered perception to arms and legs, a progressive loss in the coordination of limbs, and general weakness. Respiratory difficulty is a late symptom, as a consequence of muscular paralysis progressing in the whole body, and death may be the outcome of PSP by respiratory paralysis
9
. Brevetoxins are the causative agents of neurotoxic shellfish poisoning (NSP), that may ensue after both inhaling aerosol containing the toxins and as a consequence of ingestion of contaminated seafood. When poisoning is through the respiratory tract, the exposure usually occurs on or near the waters where a bloom of PbTX producers has developed. NSP has been recorded primarily in the south-eastern coast of the United States, the Gulf of Mexico, and New Zealand 8,9, 10 . The symptoms due to contaminated shellfish appear after minutes/hours from its ingestion, and are more severe than those found when contaminated aerosol is involved. In the former case, symptoms are both gastro-intestinal (nausea, diarrhea, and abdominal pain) and neurological (circumoral paresthesia and hot/cold temperature reversal). In more severe cases, the muscular system (altered heart contractions, convulsions, and respiratory difficulties) may be affected. Death from NSP has never been reported in humans and, symptoms resolve within a few days after exposure to the toxins 8,9
. The contamination of seafood by OA and related compounds is very common in European and Asia-Pacific Countries
8
. The symptoms of DSP appear within 1 hr from ingestion of contaminated seafood, and affect the gastro-intestinal tract with nausea, vomiting, abdominal cramps and diarrhea
. The symptoms do not last long and usually disappear within a few days. No death has been recorded due to DSP. The symptoms due to ingestion of domoic acid contaminated shellfish appear within the first few hours from its ingestion, and in most severe cases, may persist for months 11,12,13 . Initial symptoms affect the gastro-intestinal tract with nausea, vomiting, abdominal cramps and diarrhea. These are followed by headache and other neurological symptoms, that often result in disturbances to memory, an effect that has led to the naming to this shellfish poisoning. In most severe cases, death may ensue. The neurological symptoms of ASP have been shown to evolve in the weeks (months) following poisoning, and anterograde memory disturbances can be accompanied by confusion, disorientation, peripheral nerve damage and changes in memory threshold. The symptoms of azaspiracid poisoning in humans are very similar to those described for DSP, including nausea, vomiting, abdominal cramps and diarrhea, that disappear within a few days from the ingestion of contaminated shellfish
6
. An overview of molecular mechanisms of action of phycotoxins has been provided in a recent review
14
.
Overall, it is difficult to assess the true occurrence of shellfish poisoning in the human population, as for most diseases. Due to the rapid disappearance of the gastro-intestinal symptoms, many shellfish consumers do not even declare the illness to a medical doctor. However, in some cases, in particular when many people get sick from the consumption of traceable lots of shellfish, the illnesses can be properly diagnosed as shellfish poisoning. It is mostly these cases that are used in the assessment of how much toxin will cause symptoms in shellfish consumers 23, 36 . In US, during the period from 1990 to 1998, PSP outbreaks were responsible for about 20% of seafood borne diseases traced to molluscan shellfish
15
. Frequent low incidences of shellfish toxins, many of which are not reported, are sometimes overshadowed by large-scale incidences where several tens or hundreds of people become ill (Table 3) . A recent Codex standard outlines progress at international level on agreement with regards to allowable levels of phycotoxins in shellfish
60
, e.g. the levels for OA-and AZA-group toxins are laid down to be 0.16 mg/kg shellfish meat.
Characteristics of phycotoxin contamination and shellfish production, and the resulting requirements for detection techniques Predictability of the accumulation of phycotoxins in shellfish
The factors influencing the accumulation of phycotoxins in shellfish are studied intensively. Some toxins are accumulated very regularly by specific shellfish species in some areas, e.g. the occurrence of Pseudo-nitzschia spp. (causative agents of domoic acid, amnesic shellfish poison) can often be predicted through knowledge on the timing of spring and autumn blooms 16, 17 , with an inter-annual precision of several weeks. Similarly, the appearance of certain Alexandrium species can be predicted from knowledge on the temperature, irradiance and salinity
18
. In general, however, for many algal species the prediction of contamination levels to be expected remains very challenging due to a number of factors. Such factors typically include physical parameters (weather and climate-related parameters, such as temperature, wind and light conditions, as well as hydrography), chemical parameters (nutrient nature and availability or eutrophication, oxygen availability, anthropogenic pollution, ocean acidity) and biological parameters (evolution of algal community structure, occurrence of grazing and parasitic microorganisms). In addition, factors related to shellfish also contribute to the complexity of the phenomenon; these parameters include culture conditions, such as rope-growth of mussels or bottom-growth (ranching). Furthermore, filtration of seawater by bivalves is impacted by their feeding status, species-specific filtration rates and selectivity, as well as micro-organisms affecting shellfish such as pathogenic bacteria and viruses, and several nuisance organisms including algae and cyanobacteria. Additionally, shellfish also show significant differences in metabolism 19, 56, 57 . Many of these parameters are inter-related and result in very complex and changing scenarios. For instance, duration of contamination may be related to season, and the occurrence of the same alga in summer may lead to shorter contamination episodes than its occurrence in autumn. While many of the factors affecting shellfish can be actively managed, in particular those related to culture techniques and conditions, many factors affecting the occurrence of algae are impossible to control and difficult to predict. As temperature and light conditions affect the growth of algae directly, many models for prediction are based on those parameters. However, the forecasting capability of these models remains limited, mainly due to the poor ability to forecast weather for more than 1 week
58
, which is generally not sufficient warning for the shellfish industry to change harvest patterns or to relocate large quantities of shellfish. Also, prediction models have difficulty in incorporating biological parameters, in particular inter-annual variations of the phytoplankton community structure and occurrence of parasitic organisms of micro-algae or conditions leading to significant cyst formation and hatching. Thus, contamination events have also been encountered at quite surprising times, e.g. Azaspiracids may appear as early as mid July 19 or as late as mid October
6
. These unprecedented occurrences of algae may also be a function of climate change and may thus be expected more frequently in the near future. Due to these unpredictable occurrences of phycotoxins, it is generally necessary to verify the presence of a number of compound groups before shellfish reach the market. While local monitoring authorities may attempt to counterbalance this need through regular monitoring of the presence of algae, these monitoring systems may also fail due to geographical patchiness of algal occurrence and the rapid onset of blooms and their rapid accumulation in shellfish, which often may be as short as 2-3 days. In addition, official monitoring results are not always communicated in real time to shellfish producers. Therefore, shellfish producers are often faced with the responsibility to monitor their products for a number of toxins groups prior to the decision to take the shellfish out of the water or prior to processing them, and placing on the market. The methods used for such screening must therefore cover a number of toxin groups and must be sensitive enough to detect low levels which may alert shellfish producers to potential problems (see also Table 4 ).
Economic drivers affecting requirements for detection methods
The challenges in the production of shellfish are multiple. Production efficiency is related to environmental parameters and local conditions as well as production mode and implementation. In addition, natural factors such as summer mortality, shellfish pathogens and storm conditions may significantly reduce annual production by up to 80 % in some years. Further food safety risks also arise at a high level from microbiological human pathogens, such as viruses (in particular norovirus) and bacteria (in particular vibrios). While official microbiological classification of harvest areas results in a continuous cost of producing safe live bivalve molluscs (in moderately polluted or, in Europe, class B areas), peak occurrences of pathogens may also lead to unpredictable closures reducing the productivity of a given harvest area. With the exception of oysters and scallops, bivalve molluscs as a raw product are considered low-cost food in most countries; typical prices being less than 1000 €/metric ton at production level. This is very much in contrast with many other foods, e.g. crustaceans such as lobster or crab, which may easily yield 5 to 10 times higher income to producers, even though meat yield may be very similar. In view of this low value, end-product testing of shellfish safety becomes a major challenge. In the production of shellfish, the price for a single end-product test may be around 100 € (or higher if it is commercially outsourced). As algae occur often in thin layers, and with patchy structures, production lots may be contaminated very inhomogeneously. Depending on what would be considered a representative number of tests to conduct per production batch, proper end-product testing could cost as much as 10 % of the total product value. The globalisation of shellfish trade may result in complex situations whereby toxin groups may need to be detected that would not necessarily be expected in a particular country at a specific time of year. For instance, bivalve molluscs from Ireland in February would not be considered a high risk as there is little toxic algae occurring during this time of year in Ireland. However, if an Irish processing company imports mussels from the Southern hemisphere during this time of year, there could be a risk of such product to contain toxins if there were any failures in the local monitoring programmes. The commercialisation of shellfish throughout the year (beyond traditional consumption periods) also contributes to a particular need for comprehensive confirmatory testing of shellfish placed on the market. The economic difficulties encountered by many shellfish producers, together with changing habits leading to consumption of shellfish any time of the year, result in a need to produce shellfish almost throughout the seasons. To satisfy these consumption patterns, shellfish producers have to take either more risks to produce live bivalve molluscs close to toxic periods (increased product rejection rates and possibly loss of customer confidence), or to produce shellfish in formats that can be stored for prolonged periods (frozen, canned or pickled shellfish, with increased production cost that can not necessarily be recovered through the increased price). These production modes require particular care, either due to difficulties related to the potential rapid appearance of toxic algae, or through the increased need for verifying that stored product (from different periods of year or from different regions) is still traceable and compliant, i.e. free of a range of toxin groups. A recent in-depth review of the Irish rope mussel sector 20 can serve as an example of the economic status of the bivalve mollusc sector. This report indicates that profit margins varied between 1 and 8 % on average (for the years 2003 to 2005), depending on producer and production year. The number one factor influencing productivity and profitability of the rope mussel sector are marine biotoxins. This also means that in years of high biotoxin occurrence, some producers will invariably be in red figures. In addition, the structure of the shellfish industry is still dominated by a large percentage of small and medium sized enterprises. Therefore, if biotoxins occur at high levels during consecutive years, some small producers will risk bankruptcy due to lack of income. Hence, test methods must be cheap, in particular for their use in end-product testing by shellfish industry (Table 4 ).
Performance of mouse bioassay and mass spectrometric methods for the detection of lipophilic toxins in official control
As mentioned above, shellfish toxins pose particular problems to public health protection due to a number of differences compared to other contaminants. In particular, the lack of prediction capability of the occurrence of shellfish toxins is a major complicating factor. In combination with the requirement to produce live bivalve molluscs, this results in the need for continued monitoring of shellfish harvesting areas. Since the 1980s, official control in many countries has been carried out using mouse bioassays (MBA) for lipophilic toxins (azaspiracids, okadaic acid group toxins, pectenotoxin and yessotoxin group toxins). More recently, in some countries, e.g. Germany and Sweden, LC-MS based methodology has been used as the primary detection tool; in other countries, e.g. Norway, Ireland and the Netherlands, the bioassays have been complemented by LC-MS in the official monitoring programs. A previous study has examined the comparability of the EU harmonised mouse bioassay (MBA) for lipophilic toxins with an LC-MS based method at the example of a well-characterised set of blue mussel tissues
21
. This study has shown that the MBA can detect azaspiracids at the current regulatory limit of 160 µg/kg. At the same time, the study also clearly demonstrates that the assay can not reliably detect any concentration below this level. Comparison of these data with Aune et al. (2007) 22 allows for the assumption that dose-response curves of shellfish toxins are similar in the MBA, with the only difference consisting in the LC 50 of each compound (LC 50 being the concentration lethal to 50 % of the animals). Thus, it also becomes apparent that the detection capability of the MBA for OA-group toxins is significantly poorer than for azaspiracids.
In fact, the probability to detect a positive result at the current regulatory limit has been estimated to be less than 50 % for OA 23 . In practise, this lack of detection capability at the regulatory limit has for instance led to ca. 10% of samples above 160 µg/kg OA-equivalents not being detected by the MBA in France, over the period from 2003 to 2008
24
. Several examples of shellfish toxin occurrences in the field were examined using data from the Irish and French official monitoring programmes to illustrate the difficulties encountered in protecting the consumer from the risk of shellfish toxins. In either monitoring system, the accumulation of toxins in blue mussels has been followed using the MBA and LC-MS based methods in parallel. The first case (Fig.1) could be described as a classical event, as it involves toxins that have been reported to make shellfish consumers sick at levels incurred during the event (in this case, no sickness occurred as monitoring results were known to regulatory authorities immediately, and closure of the harvest areas prevented any risk to the public). Part c of Fig.1 outlines the results of the MBA, which is the regulatory test in many countries, including Ireland. It is apparent that using the MBA, the toxicity appears without warning, i.e. from the week of 9 th to 16 th of July 2001. If the chemical monitoring which was ongoing in parallel had not already indicated low levels of toxins of the AZA-group (see part a) of Fig. 1) , the area may only have been closed on the 18 th of July 2001, i.e. 9 days from the last "non-toxic" sample date (weekly sampling plus 48 h from the sample taken to the result obtained). This would have resulted in harvesting of the area for probably 3-5 days with high toxicity present in shellfish which may have led to illness if these shellfish had been marketed. The rapid accumulation of shellfish toxins is a phenomenon which has often been underestimated and may lead to severe public health problems as well as to significant economic losses if endproduct testing is carried out efficiently and timely. In the same graph, it is also apparent that two shellfish toxin groups may co-occur independently; in this case, OA-group toxins and AZA-group toxins. This co-occurrence may be governed by hydrographic and environmental conditions but it is not necessarily reproducible, as shown by comparison of Fig.1 with Fig. 2 (2001/2 versus 2008/9) . Due to the possible cooccurrence of several toxin groups, the methods used in official control of harvesting areas must be comprehensive (Table 4 ). The MBA is capable of detecting both OA and AZA-group toxins, as are many of the in-house validated LC-MS based methods
25,26,27
. If a (hypothetical) AZAspecific ELISA had been the only technique used to detect toxins, the toxicity of the OA-group could have been neglected, and the shellfish growing area could have been reopened prematurely in January 2002 for the 2001 event (Fig.1) . Similarly, if only a protein phosphatase assay (specific for OA-group toxins) had been used in official control of the harvesting area in Ireland in 2008, the area would have remained open in the month of June; yet, serious illness would have befallen the consumers of the shellfish due to the presence of AZA-group toxins (Fig. 2) . Therefore, shellfish producers and official control authorities need to know all the agents potentially causing hazards in specific areas such that methods appropriate for public health protection can be implemented. Another aspect of shellfish area management is also illustrated in Figures 1 to 2 : the natural detoxification of shellfish in the growing area is significantly slower than the accumulation period. Thus, although the presence of (potentially) toxic algae may only last several days or weeks, the toxicity may persist in shellfish for many months after the algal bloom has disappeared. In this case, toxicity was still above threshold for 6 months after the algal appearance. These prolonged closure periods are potentially a problem for public health protection authorities, as they involve much effort in risk communication; many consumers in shellfish producing countries would be aware of the occurrence of shellfish toxicity during summer months, however, prolonged toxicity into winter months is a less known phenomenon and requires additional efforts in managing the risks. In addition, it has been noted that detoxification rates are higher in the beginning of the detoxification
59
, and the very slow detoxification during later periods causes many problems to shellfish producers. Therefore, competent authorities also frequently face further difficulties in effectively implementing closure of production areas over these long periods. The prolonged retention of toxins also means that it is difficult for importing countries to keep track of the contamination levels in other locations, a complication which results in the need for detection of many toxin groups in imported shellfish. Apart from the abovementioned economic boundaries in which shellfish producers operate, there are also challenges associated with emerging toxins and the type of testing used in official control. As mentioned above, official control has historically relied upon animal testing to assess the toxicity present in shellfish samples. Over the years, the compound groups responsible for causing shellfish poisoning have been identified 28 , yet due to lack of pure compounds toxingroup specific methods have not been implemented as official methods for most toxin groups (apart from DA and STX). The event shown in Fig. 3 exemplifies differences in the interpretation of toxic events, depending on the method used in the official control of harvesting areas. In this area, okadaic acid-group toxins known to cause human poisoning exceed the regulatory limit only during one week during the summer of 2005. Other toxin groups have also been monitored, including pectenotoxins, which occurred at very low levels, and always below regulatory levels. Additionally, all other regulated lipophilic toxins (YTXs and AZAs) and known non-regulated bioactive compounds (gymnodimines and spirolides) were either totally absent or present at levels more than 10-fold lower than the regulatory limits. Yet, the MBA as reference test repeatedly gave positive results for the area over the whole summer period. In fact, the area could not be opened during summer 2005 due to the sporadic occurrence of positive results. These positive results of the MBA may be related to yet unknown toxins of public health relevance, or they may be due to interference from bioactive compounds which are not relevant to public health. Thus, in a regime which had been based on chemical analysis (by LC-MS), production would have continued after a 3-week closure period (one week toxin levels exceeded regulatory limits and 2 consecutive clear tests are required to re-open an area). The following year showed an even more dramatic picture where MBA results were again sporadically positive between May and September, while all lipophilic toxins known to occur in this area (OA, AZA, PTX, GYM, SPX, YTX) were well below the threshold expected to result in positive results in MBAs (Fig. 4) . The situation in Arcachon in 2006 had been further complicated by the fact that anecdotal evidence provided by oyster producers from the area suggested that consumption of these oysters did not result in acute human illness. Additionally, there has also been no epidemiological evidence from official health surveillance bodies suggesting a problem of public health in the area over the period from 2005 to 2009. Further research will be required to establish whether these positive MBA results are indicative of significant risks to the consumers of shellfish. The above considerations demonstrate that the MBA for lipophilic toxins can not be effectively used to follow quantitatively the uptake of toxins in shellfish and their detoxification. This limitation brings a number of difficulties with it, as it means that the producers are not able to evaluate the official monitoring results to plan ahead their production activities. Overall, the studies examining the performance of the MBA also suggest that the sensitivity of the assay is not sufficient to detect toxins of the okadaic acid group at the regulatory limit. The increase of toxins in heat treatment similar to commercial processing of shellfish has been previously shown for both the azaspiracid and the okadaic acid group 29,30,31 , and it has been recognised that the prediction of toxin levels in processed product is impossible using the MBA assay
32
. Therefore, the lack in detection capability of the MBA results in serious deficiencies for its use for commercial pre-harvest and end product testing. This limitation also leads to difficulties for the shellfish industry to use results of official control conducted with the MBA.
Screening and confirmatory approaches for end product testing and official control
In most cases where screening and confirmatory approaches are used in official control to manage contamination of food matrices by chemical substances, the screening method will have less specificity than the confirmatory method. A classical example for screening would be a four-plate test used in the monitoring of antibiotic residues in finfish, which, if positive, should be confirmed by HPLC-FLD analysis following SPE clean-up or by LC-MS-MS analysis. The criteria required for the screening and confirmatory methods to be used in veterinary residue analysis have been defined in EU legislation 33 . On the contrary, the MBA, despite its unspecific character, had been implemented as the reference test for lipophilic marine biotoxins in the EU and was therefore considered to be the confirmatory method Alimentarius and the EU Commission for Health and Consumer Protection (DG Sanco), respectively, current discussions at EU level are ongoing to reconsider this position. The expert consultation by FAO/IOC/WHO 15 had considered a number of alternative methods for the 8 toxin-groups examined: ELISA (BTX-, DA-, OA-, STX-and YTX-groups), functional assays (receptor-binding assays for the BTX-, DA-and STX-groups; saxiphilin-and neuroblastoma-assay for the STX-group; PP2A for the OA-group), and LC-UV/FLD or -MS for all 8 groups. Overall, LC-UV was recommended for the DA-group, LC-FLD for the STX-group and LC-MS for all other groups as reference method. Similarly, the summary opinion of EFSA on currently regulated shellfish toxins 41 concluded that LC-MS has the best potential to replace animal assays for lipophilic toxins, thanks to the advantages of the methods in terms of comprehensiveness and detection capability. In this context, the question may be posed as to whether this recommendation makes sense only for official control purposes or also for commercial pre-harvest monitoring or end-product control by shellfish business operators. In many current scenarios, where most countries do not communicate official control results rapidly to all stakeholders and where test methods are often not quantitative and not specific (in case of MBA tests), the shellfish business operators have to consider the use of very expensive tests to ensure the safety of their product. These tests are either based on MBA (but this practice is risky, as the test does not have sufficient detection capability) or the tests are based on rapid test kits. In case rapid test kits are used, these should normally comprise a number of different techniques such antibody based assays (enzyme-linked immunosorbent assays42, surface plasmon resonance43,44 or lateral flow immuno-chromatography45) or functional assays46,47 in order to cover the whole range of toxins that may occur in any given area. As at least 3-4 of the groups in Table 2 have been shown to co-occur (e.g. OA-, AZA-and PTXgroups, Fig.1 ), it becomes apparent that few of the rapid methods are currently capable of detecting the whole range of toxins required to guarantee compliance with the current regulation. For instance, for AZA, there is only LC-MS methods available25,26,27 as alternative to the MBA. Even for combinations of OA, PTXs and YTXs (as previously reported from Italy and Norway), conscientious shellfish business operators would have to use 2 ELISAs for YTX and PTXs (not currently commercialised for PTXs) and a PP2a assay for OA-group toxins to cover the range of toxins potentially present. Such product control is prohibitively expensive unless the company is organised to conduct all assays at full capacity and for a large number of different shellfish samples. In the ideal scenario, the results of official control are communicated in real-time to all stakeholders (shellfish consumers and shellfish business operators). Such communication can be implemented through publication of test results on web-based information systems, as is already the case for instance in Ireland and Galicia, Spain. If quantitative toxin-specific methods such as LC-MS are implemented in official control, shellfish business operators can use these results to build up historical information as regards to toxin profiles and concentrations in particular production areas. Equally, these results can then be used to focus the shellfish business operators' own controls on the toxin groups shown to be present in any given area at any time. In this way, it may become economical to also use other rapid detection kits (including ELISAs, PP2a and others) for the detection of shellfish toxins in food business operators' own checks, such as controls part of the Hazard Assessment and Critical Control Points (HACCP).
Conclusions and recommendations
From the above consideration, it appears that the occurrence of shellfish toxins remains difficult to predict for more than 1 week, due to the dependence of currents on weather and complex dynamics of the development of algal blooms. This situation should be improved through the development of in-situ detection tools and improved modelling including some of the biological parameters typically neglected. Notwithstanding those possible improvements, official control requires comprehensive cover of a number of toxin groups to ensure best information to shellfish consumers and producers, and there appears to be a lack of methods with sufficient scope and detection capability. In particular, while the MBA for lipophilic toxins has been shown capable of detecting several compound groups, it has also been shown to lack in detection capability, while rapid test kits lack in scope if used individually. The detection capability of rapid test kits and their usefulness through ease of application have been shown; therefore, it is desirable that rapid testing technology be extended to cover a wider range of toxin groups to reduce cost for end-product testing. Additional requirements have been discussed including the freshness of shellfish, the economic pressures in shellfish production and the need for quantitative results to predict the behaviour of shellfish lots in processing. As a consequence, there is a strong need to implement quantitative methods of wide scope and detection capabilities in official monitoring, which, at this point in time can best be ensured through the implementation of multi-toxin LC-MS techniques, an approach under revision at EU Commission level. It is recommended that such an approach would be accompanied by the implementation of rapid, web-based information systems disseminating test results of official control of shellfish and on algal occurrence to enable shellfish business operators to put low-cost, rapid detection tools in place as part of their HACCP plans. Biological methods should also continue to play a role in the screening of shellfish for potentially emerging bioactive compounds. In the author's opinion, a suite of cellular and functional bioassays should be most useful to complement the currently used live animal assays. 
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